Background/Aims: In patients with gliomatosis cerebri (GC), glial fibrillary acidic protein (GFAP) positive cells invade the entire brain, particularly the white matter. Because the nosological definition and histogenesis of GC remain controversial, the morphology and immunohistochemical staining patterns of neoplastic GC cells were compared with those of other gliomas. Methods: An immunohistochemical analysis of neoplastic cells from four patients with GC and 20 with astrocytic tumours using antibodies against Ki-67, GFAP, and L1, the last of which is a neural cell adhesion molecule putatively related to glioma invasion. Results: GC tumour cells can be divided into two types, those mainly composed of strongly GFAP and L1 positive gemistocytic cells, the other composed of small, GFAP and L1 negative spindle shaped cells. The two types did not differ with respect to Ki-67 positivity. Cells from patients with other gliomas were positive for GFAP but concurrent L1 expression was negative or weakly positive. Conclusion: The strong expression of L1 in patients with GC and its poor expression in the 20 patients with other types of glioma, including those with GFAP positive gemistocytic astrocytomas, suggest that L1 expression may play a role in the histogenesis of GC.
G liomatosis cerebri (GC) is a tumour of unknown origin that infiltrates the brain extensively, can involve more than two lobes, is often bilateral, and frequently extends to infratentorial structures and even the spinal cord. 1 According to the 2000 World Health Organisation classification of tumours of the central nervous system, GC is a neuroepithelial tumour of uncertain origin whose nosological definition and histogenesis remain controversial. 1 The uncertainty concerning its histogenesis is reflected in its removal from the category of undifferentiated and embryonic tumours in 1979 by the World Health Organisation 2 and its inclusion, since 1993, 3 4 in the category of neuroepithelial neoplasms of unknown origin.
''We postulated that L1 plays an important role in the migration of glioma cells via homophilic binding, and that the molecule participates in the invasion of gliomas along neuronal fibres'' Pathologically, GC is characterised by diffuse enlargement of affected regions with retention of an intact configuration, proliferation of glia infiltrating the normal nervous tissue, and partial damage of nervous tissue, characterised by myelin destruction with only slight involvement of the axis cylinder and nerve cells. 5 GC is composed of astrocytic cells, oligodendrocytes, transitional cells, and small undifferentiated cells exhibiting a pronounced variation in size and shape. The neoplastic cells are recognised as gliomatous by their positivity for glial fibrillary acidic protein (GFAP), although some fusiform cells are GFAP negative. The mechanism(s) underlying the tumorigenesis of GC remains to be fully elucidated, as does the composition of neoplastic cells that comprise this tumour and spread throughout intracerebral portions of the brain.
From a pathophysiological point of view, the notion that the neoplastic cells in GC exhibit the characteristics of glioma cells with respect to their origin and invasive potential is of interest. The invasiveness of glioma tumour cells is thought to be mediated by factors that include cell adhesion molecules and extracellular matrices. [6] [7] [8] L1 molecules (CD171, L1 cell adhesion molecule, neural cell adhesion molecule L1), 200 kDa glycoproteins, play an important role not only in neurone-neurone adhesion but also in neurite fasciculation, neurite outgrowth on Schwann cells, and neural cell migration. [9] [10] [11] Although it is designated a neural recognition molecule, L1 is also expressed by certain epithelial cells and by some cells of lymphoid and myelomonocytic origin. Miura et al showed that, in co-cultures, L1 transfected fibroblasts strongly promoted the migration of rat cerebellar neural cells. 10 We previously reported that L1 is a stimulatory factor for glioma cell and neural cell migration. Using the reverse transcriptase-polymerase chain reaction assay and fluorescence activated cell sorter analysis, we demonstrated that in culture glioma cells expressed the L1 gene, and that they are stimulated to migrate by soluble L1 molecules released from L1 transfected fibroblasts. 12 In in vivo experiments, glioma cells implanted into rat brains migrated strongly towards L1 molecules injected into the contralateral cerebral hemisphere. 13 However, immunohistochemical analysis revealed weak expression of L1 in human glioma tissue specimens. 14 We postulated that L1 plays an important role in the migration of glioma cells via homophilic binding, and that the molecule participates in the invasion of gliomas along neuronal fibres.
To test this hypothesis in patients with GC, we subjected neoplastic cells to immunohistochemical analysis to assess cell proliferation and invasion, and to determine the involvement of L1 molecules.
CLINICAL MATERIALS AND METHODS

Patients
Our study population consisted of four patients with GC and 20 patients with other gliomas (one pilocytic astrocytoma, three fibrillary astrocytomas, two gemistocytic astrocytomas, four oligoastrocytomas, two anaplastic astrocytomas, one anaplastic oligoastrocytoma, and seven glioblastomas).
Detailed premortem and postmortem evaluations were performed in one patient with GC (case 1), a 47 year old woman. On T1 weighted magnetic resonance imaging (MRI), we noted areas of isointensity and hypointensity compared with the normal brain. T2 weighted MRI obtained in the terminal stage demonstrated diffuse areas of high intensity throughout the brain, especially the white matter. This patient died 18 months after being diagnosed with grade 2 astrocytoma based on histopathological examination of surgical specimens. Immunohistochemical analysis was performed on postmortem samples obtained from 24 regions. These were the bilateral frontal, temporal, parietal, and occipital lobes, the bilateral basal ganglia, caudate nucleus, thalamus, and cerebellum, the corpus callosum, midbrain, pituitary gland, upper and lower pons, the medulla oblongata, and the upper and middle cervical spinal cord. We used surgical specimens for the analysis of the other three GCs and all gliomas (table 1) .
Histopathology
Tissue samples were fixed in 10% neutral buffered formalin and 6 mm thick paraffin wax embedded sections were stained with haematoxylin and eosin. For immunohistochemical analysis we used a mouse monoclonal antibody against human GFAP (diluted 1/60; Boehringer Mannheim Biochemica, Mannheim, Germany), a mouse monoclonal antibody against human Ki-67 (clone MIB-1; diluted 1/50; Dako, Carpinteria, California, USA), and a rabbit polyclonal antibody against rat L1 that recognises the intracellular, membrane binding, and extracellular domains of L1. This last antibody was a gift from Dr Lemmon, Case Western Reserve University, Ohio, USA. To enhance Ki-67 immunostaining, the sections were pretreated in a microwave in 0.01M citrate buffer, pH 6.
After washing with Tris buffer, the sections were reacted with biotinylated antimouse IgG for GFAP and Ki-67, or antirabbit IgG for L1 (diluted 1/200; Vector Laboratories, Burlingame, California, USA). After another wash, they were reacted for 40 minutes with avidin-biotin peroxidase complex (1/50 dilution; Vectastain Elite ABC kit; Vector). For visualisation of immune complexes, sections were immersed in 0.02% 3,39-diaminobenzidine tetrahydrochloride (DAB Wako Pure Chemical Industries Ltd, Osaka, Japan), and 0.01% H 2 O 2 in Tris buffer. Finally, slides were counterstained with haematoxylin and embedded in a universal mount. All slides were examined under a light microscope. Each slide was graded for the degree of L1 and GFAP staining, where (2) indicates no staining, and (¡), (+), and (++) indicate trace, positive, and strongly positive staining, respectively, and the correlation between the diagnosis and the degree of L1 staining was examined. The number of Ki-67 positive cells in 500 cells at high power (6400 magnification) was counted in five random fields and the average number of labelled cells was reported as the Ki-67 labelling index (%). Because it was not possible to count the exact number of infiltrating tumour cells among the normal brain cells, we compared Ki-67 labelling in tumours by averaging the positively stained nuclei in the total number of cells in the specimen.
RESULTS
In our representative case of GC (case 1), T2 weighted MRI showed diffuse high intensity regions throughout the brain, especially the white matter (fig 1) . In the postmortem specimen there was infiltration by tumour cells of the entire brain ( fig 1, circles) ; no tumour cells were detected in the lower pons and spinal cord (fig 1, squares) . The area stained for tumour cells was much larger than that detected by MRI. Samples from the 24 areas identified in fig 1 by squares and circles were subjected to immunohistochemistry using antiKi-67, anti-GFAP, and anti-L1 antibodies. L1 is a neural cell adhesion molecule that is thought to play a role in glioma cell invasion. Our findings indicated that the tumour cells could be divided into two types ( fig 2) ; type A consists primarily of GFAP and L1 positive gemistocytic cells and type B consists of small GFAP and L1 negative spindle shaped cells. Type A gemistocytic cells were scattered throughout the entire brain Immunohistochemical analysis of 4 patients with gliomatosis cerebri and 20 patients with other gliomas. As, astrocytoma; GFAP, glial fibrillary acidic protein; -, negative; ¡, trace/positive; +, positive; ++, strongly positive.
and their cytomembrane and cytoplasm were mainly positive for GFAP and L1 (fig 2A-C) . In contrast, in type B, GFAP and L1 reactivity was weak or negative ( fig 2D-F) . The presence of these cells in all examined brain lesions suggests that they share the same origin and are the result of local malignant transformation followed by migration throughout the entire brain. Careful assessment of L1 positive cells distributed throughout the brain revealed that not only GFAP positive gemistocytic cells were positive for L1, but that some neurone cells were also positive. With respect to cell proliferation rates, the Ki-67 labelling index in all examined brain lesions of case 1 was 2-4% (table 1). Analysis of surgical specimens from the other three GC cases revealed that tumour cells that were positive for GFAP were also strongly positive for L1. The Ki-67 labelling index varied among these patients and did not correlate with L1 staining.
Next we compared the four patients with GC with the 20 patients with other gliomas for the expression of L1 and GFAP in the tumour specimens. All of our four cases of GC are primary ''true GC'' because they do not have distinct neoplastic masses on the image. Secondary GC is a progressive type of malignant glioma with a mass lesion as reported Ross et al. 15 As shown in table 1, although L1 was strongly expressed by neoplastic cells in all patients with GC, 10 of the other 20 patients manifested only trace/positive staining and none of the samples was strongly positive for L1. Figure 3 shows representative cases stained with anti-GFAP and anti-L1 antibodies. The degree of L1 staining did not reflect the malignancy grade of the 20 gliomas, although L1 positive tumours tended to exhibit invasive tendencies on MRI. In fact, in contrast to GC, none of the strongly GFAP positive glioma cells from seven of the 20 patients with other gliomas manifested strong L1 expression. Furthermore, to establish the expression of L1 on reactive astrocytes in non-neoplastic conditions, gliosis brain tissue caused by arteriovenous malformation haemorrhage was prepared and tissue sections were immunostained with GFAP and L1. GFAP immunostaining was found to be positive in these samples but L1 immunostaining was trace/positive on reactive astrocytes (data not shown). These results indicate that strong L1 positivity is characteristic of GC.
DISCUSSION
GC is a diffuse tumour that infiltrates the brain extensively, involves more than two lobes, is often bilateral, and frequently extends to infratentorial structures. 1 Histologically, it is composed of elongated glial cells that typically resemble astrocytes. Upon infiltration of myelinated tracts, the cells often form parallel rows between nerve fibres and exhibit a local histoarchitecture. We categorised the neoplastic GC cells as type A (GFAP and L1 positive gemistocytic cells) and type B (small, GFAP and L1 negative or weakly positive, spindle shaped cells). We postulated that cells that infiltrated the myelin fibres would be of type A, in which GFAP and L1 positive gemistocytic cells are abundant.
Among the molecules that participate in cell migration, L1 is thought to promote neuronal cell migration most strongly. 16 17 We previously demonstrated the biological importance of L1 in glioma invasion along neuronal fibres. 13 Sequence analysis revealed that L1 expressed in the gliomas that we tested was short-type L1 (L1cs), generated by alternative splicing to delete one of the putative phosphorylation sites, 13 18 and that L1 mediated interactions between glioma and other cells can occur via the L1cs isoform on glioma cells.
''Our results suggest that L1 expressed on neoplastic gliomatosis cerebri cells may contribute to their invasive potential mediated by homophilic interactions with other L1 molecules present on neurones or surrounding oligodendrocytes''
A postmortem study of case 1 identified neoplastic cells throughout the bilateral cerebral white matter, with spreading to the pons; however, there were no tumour cells in the lower pons. This suggests that some mechanism(s) may interfere with the invasion of neoplastic GC cells from the pons to the lower structures. 19 Based on their morphological and immunohistochemical features, we divided GC tumour cells into type A and B cells, both of which were scattered throughout the brain of patient 1. Because of similarities in the configuration of these cells and their expression of L1, we postulate the existence of one tumorigenic origin. We propose that these neoplastic cells are the result of local malignant transformation and that their diffuse spread is attributable to active migration in which L1 plays an important role. Because the neoplastic GFAP positive gemistocytic cells coexpressed L1, we suggest that these glia derived cells proliferated and subsequently invaded the whole brain.
In our earlier study, we used frozen sections to investigate the expression of L1 by gliomas.
14 In our current study, we prepared paraffin wax embedded sections from surgical specimens and found that some of the non-GC tumours exhibited weak positivity for L1. In contrast, we found strong expression of both GFAP and L1 by the neoplastic cells in all four patients with GC. Our observation that in case 1, type A gemistocytic cells manifested strong expression of both GFAP and L1 suggests that their ability to invade the brain, and especially the white matter, was enhanced. In contrast, in two gemistocytic astrocytomas, gemistocytic cells manifested strong GFAP expression but weak L1 expression. Based on this observation, we suggest that the strong expression of L1 by migrated GC cells reflects their invasive characteristic.
Our results suggest that L1 expressed on neoplastic GC cells may contribute to their invasive potential mediated by homophilic interactions with other L1 molecules present on neurones or surrounding oligodendrocytes. Soluble L1 secreted by neural cell components around the tumour may also contribute to their migration. GC cells per se may release a soluble form of L1, and this may stimulate their motility and accelerate their migration far from the site of their origin via binding to L1, which is expressed constitutively on neuronal fibres.
Mechtersheimer et al and Fogel et al reported that L1 is expressed by many human carcinomas in addition to GC, such as uterine and ovarian cancers, and soluble L1 is specifically detected in serum samples from patients with these tumours. 20 21 They propose that ectodomain released L1 promotes migration by autocrine/paracrine stimulation via a V b 5 integrin. Both L1-L1 homophilic and L1-a V b 3 interactions play an important role in the transendothelial migration of melanoma cells. 22 Recently, a novel translational mechanism to account for the association between L1 expression and motile processes involved in metastasis and development was provided. 
